Frogs are an ancient group compared to placental mammals. Yet, although there are about as many species of frogs as there are of mammals, zoologists consider that frogs have undergone only limited morphological divergence, while placental mammals have diversified greatly in morphology and way of life. The serum albumins of numerous frog species were compared by the quantitative microcomplement fixation technique. Frogs that are morphologically similar enough to merit taxonomic distinction at only the species level often exhibit differences in the serological properties of their albumins larger than those usually seen between mammals placed in distinct families or suborders. Thus, there seems to be a contrast between albumin evolution and evolution at the organismal level. The large differences between albumins among frogs can be explained by the hypothesis that albumin evolution has proceeded at the same rate in frogs as in mammals.
The hypothesis that serum albumin behaves as an evolutionary clock was proposed in 1967 (1, 2) to account for the results of immunological comparisons of albumins from a wide variety of primate species. Albumin appeared to have been evolving at about the same rate in all primate lineages tested, including the human lineage. More recent immunological studies of primate albumins substantiate this hypothesis (3) . A similar rate of evolutionary change, approximately 100 units of immunological distance per 60 million years, has also been detected in the albumins of other mammals (4), as well as of lizards and crocodilians (5) . Evidently, the rate of fixation of mutations causing amino-acid substitutions is approximately constant for albumin regardless of the species, mammal or reptile, in which it occurs. A similar phenomenon has been encountered by those who have studied the evolution of other proteins, for example, haemoglobin (6) .
We thought it important to determine whether a similar rate of albumin evolution occurred in frogs, because although frogs are an ancient group their morphological uniformity makes them the most easily diagnosed of all vertebrate groups. Thus, zoologists place all living frogs in the single order Anura, even though several of the lineages leading to modern frogs probably diverged from each other about 150 million years ago (7) (8) (9) (10) (11) (12) . By contrast, the placental mammals, for example, are divided into 16 orders because of their great morphological diversity. Yet the diversification of extant placental lineages began only about 75 million years ago (13) . The clock hypothesis predicts that we should find enormous albumin differences between distantly related frogs, far larger than those within or between orders of placental mammals.
If, on the other hand, morphological resemblance were used as a basis for prediction, we should expect to find moderate albumin differences among frogs. A comparative immuno- Serum albumin was purified from the plasma of Rana pipiens (South Dakota), R. catesbeiana (California), and R. occipitalis (Kenya) by a combination of (NH4)2S04 fractionation, DEAE-Sephadex and Sephadex G-100 chromatography, and preparative polyacrylamide gel electrophoresis. Acrylamide gel electrophoresis alone was used to purify the albumins of Hyla regilla hypochondriaca (California), H. crucifer (Indiana), and Xenopus laevis (South Africa). The purified albumins were judged to be homogeneous by several criteria, the most important of which was that the microcomplement fixation curves obtained with antisera to the purified albumin were the same height and shape for purified albumin and whole serum. These and other purity tests will be described more fully elsewhere.
Antisera to the purified albumins of Rana and Hyla species were prepared by immunization of rabbits for 13 weeks by the procedure of Sarich (4), with the modification that less than 1 mg of albumin was administered per injection. Each rabbit thus received a total of only 0.5-5 mg of albumin. Each species of albumin was injected into several rabbits. Before use in crossreaction experiments, the resulting several antisera were mixed in inverse proportion to their complement-fixing ability (1-4, 14, 15) . Antiserum to X. laevis albumin, prepared in a similar way, was a gift from Drs.
J. H. Humphrey and J. R. Tata.
Immunological crossreactions were detected quantitatively by microcomplement fixation (14) and confirmed by qualitative immunodiffusion tests. Results are expressed as units of immunological distance (3, 4, 15) . If two albumins are identical, the immunological distance between them is zero; if two albumins are very distantly related or unrelated, the immunological distance between them is greater than 200. It has been shown for lysozyme (15) that immunological distance (y) is related to the percentage difference in amino-acid sequence (x) by the equation y = 5x. If the same relationship applies to albumin, which contains roughly 500 amino acids, then units of immunological distance are about equal to numbers of amino-acid sequence differences between albumins. The family Pipidae, which includes the African Xenopus and the South American Pipa, has a good fossil record, dating back with certainty to lower Cretaceous times (7, 9) . In the Cretaceous period, this frog group was probably restricted in distribution as it is today to Africa and South America. Cretaceous pipids are known from Israel (9), but Israel was apparently part of Africa at this time (22, 23) . Because the pipids are confined to fresh water, it is unlikely that the divergence of the lineages leading to Pipa and Xenopus could be more recent than the time of separation of Africa and South America by continental drift, i.e., about 130 million years ago (22, 24) . It is not surprising, in light of the clock hypothesis, that antiserum to X. laevis albumin fails to react with Pipa pipa serum in our tests.
Family Ranidae
The family Ranidae includes several hundred species, many of them assigned to the genus Rana. As Table 1 shows, there are species within this genus whose albumins are more different by immunological criteria than primate albumins are from those of carnivores (3, 4) or ungulates (14, 19, 20) . Man and the chimpanzee are assigned to different mammalian families, but their albumins are 30-times more alike than are those of R. catesbeiana and R. corrugata. By mammalian standards, the differences between albumins within the genus Rana are enormous.
On the basis of meager fossil and zoogeographic evidence (9-11), the Ranidae are thought to be of more recent origin than the Pipidae. Savage (10, 11) postulates that the Ranidae arose in Africa during the mid-Cretaceous period and began to spread over Eurasia in early Eocene times, reaching North America in the late Eocene period or the early Oligocene Family Hylidae The albumin differences among numerous species of the family Hylidae have also been measured. Evidence from both fossil and zoogeographic studies (9) (10) (11) (12) suggests that this large and widespread family is roughly comparable in age to the family Ranidae and, as expected, the albumin differences exhibit a comparable span (Table 2) .
DISCUSSION
In all of the cases examined above, the serological differences in albumins found among frogs are far larger than morphological analysis would lead us to expect. Frogs that are anatomically, and presumably physiologically, similar enough to merit taxonomic distinction only at the species level often exhibit differences in their albumins larger than those usually seen between mammals placed in distinct families or suborders. By contrast, the evolutionary clock hypothesis appears to predict rather well the extent of the differences in the albumins among those species of frogs, reptiles, and mammals whose divergence times are known.
The phenomenon we describe is not peculiar to albumin. Baldwin and Riggs (personal communication) have found that the # chain of adult hemoglobin from R. catesbeiana differs from that of R. esculenta (25) by more than 30 aminoacid replacements. This sequence difference exceeds that usually found between the #i chains of hemoglobins from mammals of different orders (6) . We also have preliminary evidence for the existence of large sequence differences among the fibrinopeptides of species within the genus Ranat. Denis (26) has compared the DNA of R. pipiens with that of R. sylvatica by an in vitro hybridization technique. The degree of homology between the DNAs of these two species seems to be as low as that between human DNA and prosimian DNA (27) . Thus, many genes besides the albumin gene have evolved at about the same rate in the genus Rana as in mammals. Further evidence for the clock-like behavior of molecular evolution in frogs is provided by an extensive microcomplement fixation survey of muscle lactate dehydrogenases by Salthe and Kaplan (8) .
In conclusion, molecular evolution proceeds in a rather regular fashion with respect to time. By contrast, organismal evolution is classically considered to be an irregular process, some species (e.g. placental mammals) changing rapidly, while others (e.g., frogs) change slowly. The paradox may be resolved by postulating the random fixation of mutations producing amino-acid substitutions that have no effect, favorable or unfavorable, on protein function and, hence, no effect on anatomy, physiology, or behavior. Alternatively, the paradox would be resolved if large internal physiological and anatomical differences, hitherto overlooked, were found among frog species.
